Abstract-In this paper, we demonstrate a novel fiber nonlinearity compensation technique for coherent optical orthogonal frequency-division multiplexing (CO-OFDM) systems based on the transmission of phase-conjugated pilots (PCPs). In this scheme, a portion of OFDM subcarriers (up to 50%) is transmitted with its phase conjugates, which is used at the receiver to estimate the nonlinear distortions in the respective subcarriers and other subcarriers, which are not accompanied by PCPs. Simulation and experimental results show that by varying the PCP overhead, a performance improvement up to 4 dB can be achieved. In addition, the proposed technique can be effectively applied in both single polarization and polarization-division multiplexed systems, in both single channel and wavelength-division multiplexing systems, thus, offering highest flexibility in implementations.
I. INTRODUCTION
T HEORETICALLY the capacity of a fixed bandwidth Gaussian communication channel is logarithmically proportional to the signal-to-noise ratio (SNR) [1] . As a result, the capacity of optical fiber communications channel should increase monotonically with the transmit signal power. However, the nonlinear distortion due to Kerr effect limits the maximum optical power that could be launched into an optical fiber (without degrading the system performance) [2] , [3] . Fiber Kerr nonlinearity effect thus sets an upper bound on the achievable data rate in optical fiber communications using linear transmission techniques [4] .
There have been extensive efforts in attempting to surpass the Kerr nonlinearity limit through several nonlinearity compensation techniques. Digital-back-propagation (DBP) is an effective nonlinearity compensation method, which removes the nonlinear distortion by inverting the distorted signal at the receiver digitally [5] . However, accurate DBP requires a substantial increase in digital signal processing (DSP) complexity, proportional to the number of spans. Furthermore, in wavelength-division multiplexed (WDM) systems the effectiveness of DBP is significantly reduced as the neighbouring WDM channels are unknown to the compensator. Digital [6] and optical [7] - [9] phase conjugations (OPCs) at the mid link or installed at the transmitter [10] are other well-known nonlinear compensation techniques that conjugate the signal phase after transmission in one segment of the link in order to achieve a net cancellation of the nonlinear phase shift using the nonlinearity generated in the second segment of the link. However, OPC modifies the transmission link by inserting a phase conjugator at the middle point of the link, and imposes significant symmetry conditions with respect to the phase conjugator, and thus, significantly reducing the flexibility in an optically routed network.
Recently, novel nonlinear compensation technique called phase-conjugated twin waves (PC-TW) has been proposed in [11] . PC-TW is a transponder-based technique that can be implemented with minimal additional optical hardware or DSP. In this scheme, the signal complex waveform and its phase-conjugate copy are simultaneously transmitted in x-and y-polarization states. If the dispersion map of the link is symmetrical, the nonlinear distortions on x-and y-polarizations are essentially anticorrelated, and thus, it can be subsequently mitigated at the receiver through coherent superposition of the two copies. The PC-TW provides a simple and effective solution in compensating optical fiber nonlinearity as it requires only an additional per symbol conjugate-and-add operation prior to symbol detection. However, the one serious shortcoming of PC-TW is that it sacrifices half the transmission capacity. To address this drawback of PCTW, a dual PCTW scheme has been also proposed for single carrier systems, yielding an improvement of ∼1.2 dB [12] . Unfortunately, quadrature pulse shaping is required for dual PCTW, which cannot be applied effectively for multicarrier modulation formats such as orthogonal frequency division multiplexing (OFDM). To address this problem, a phase-conjugated coding scheme has been proposed in [13] , offering around 1.5 dB performance gain in BPSK coherent optical (CO)-OFDM transmission.
The general idea of communication through phaseconjugated optical variants is described in [14] , claiming that a meaningful performance gain can be achieved through coherent superposition of the signal and its phase conjugated copy, which can be transmitted in a different polarization state, time slot, spatial localization, optical carrier wavelength and subcarrier frequency. In [15] , coherent superposition of the useful signal and its phase conjugated copy transmitted in a different optical wavelength was adopted to increase significantly the transmission distance. In addition, in [16] it was also applied to OFDM subcarrier pairs with Hermitian symmetry. However, in a similar manner to the PCTW scheme, both approaches proposed in [15] , [16] also sacrifice half the transmission capacity.
In this paper we demonstrate a novel nonlinearity compensation technique for CO-OFDM systems based on the transmission of phase-conjugated pilots (PCPs), without scarifying 50% of the transmission capacity. The general idea was first presented in [17] . In this scheme, a portion of the OFDM subcarriers (up to 50%) are transmitted as phase-conjugates of other subcarriers. The PCPs are used at the receiver to estimate the nonlinear distortion of their respective original subcarriers. The estimated distortion can also be used to compensate the nonlinear impairments in other subcarriers close to the PCP, thanks to the narrow OFDM subcarrier spacing (tens of megahertz), which enhances the correlation between nonlinear phase shifts of neighbouring subcarriers. With this technique, the fiber nonlinearity impairments due to the Kerr effect in OFDM systems can be effectively compensated without the complexity of DBP or 50% loss in capacity of PC-TW. The technique proposed here can be effectively implemented in both single polarization and PMD systems, in both single channel and WDM systems. In other words, nonlinearity compensation using PCPs offers a simple, easy implementation applicable to any optical links where the level of nonlinear compensation may be readily tuned by selecting an appropriate number of PCPs.
II. PHASE CONJUGATED PILOTS FOR FIBER NONLINEARITY COMPENSATION
Since the frequency spacing in an OFDM system is often small [18] , [19] (tens of megahertz) compared to the phase matching bandwidth of the link (few gigahertz [20] ), at the end of the optical link, the nonlinear phase shifts on adjacent subcarriers will be strongly correlated. This implies that nonlinear distortion experienced in one spectral region may be used to estimate the distortion in other closely space regions, as observed in pilot tone compensation schemes [21] . Thus nonlinear compensation can be achieved by sparsely inserting PCPs across the OFDM band.
The concept of inserting PCP is illustrated in the Fig. 1 . Suppose the information symbol carried by the kth subcarrier is S k = A k · exp(j·φ k ) where A k and φ k are the amplitude and the phase of this information symbol, then the phase conjugated symbol can be transmitted in the hth subcarrier,
* represents complex conjugation.
To simplify the exposition, we assume that during propagation nonlinear phase shifts, represented by θ k and θ h , are added to these subcarriers. The received information symbols on the kth and hth subcarriers are
If the frequency spacing between kth and hth subcarriers is small enough, the nonlinear phase shifts will be highly correlated, θ k ≈ θ h providing the opportunity of cancelling the nonlinear phase shift on the kth subcarrier by averaging the received information symbol of a subcarrier and the subcarrier which carries its phase conjugate (after a second conjugation):
This compensation technique is often referred in the literature as coherent superposition [11] , [22] . Note that the nonlinear phase shift on the original subcarrier k can be estimated as [23] , [24] :
Ideally, a data carrying subcarrier and its PCP should be closely spaced in frequency (adjacent) to maximize the level of correlation of the nonlinear phase shifts between these subcarriers. For those data carrying subcarriers which do not have PCPs, the nonlinear phase shift of the jth subcarrier can be estimated and compensated as:
where η j kh is the FWM efficiency coefficient. In this paper η j kh is approximated either as 1 if j is the closest subcarrier to k or h and 0 otherwise.
By applying this fiber compensation technique, the fiber nonlinearity phase shifts on data subcarriers in an OFDM system can be compensated without conjugating all pairs of subcarriers. In this system configuration, several data carrying subcarriers are placed between conjugate pairs. The nonlinear phase shifts for all of these subcarriers are similar as long as the frequency spacing is small. These nonlinear distortions can be compensated using the estimated nonlinear distortion on the closest pair of subcarrier data and phase conjugated pilot. As a result, one phase conjugated pilot can be used to compensate the nonlinear distortions on several subcarriers and the overhead due to phase conjugated pilots is relaxed and can be designed according to the requirement of a specific application.
Whilst the most accurate nonlinear compensation will be achieved by weighting and summing the nonlinear distortion estimated from all of the phase conjugate pairs, the nonlinear distortion on subcarriers which are not part of phase conjugate pairs can be estimated in various ways. The first approximation is to simply use the estimated nonlinear distortion from the nearest phase conjugate pair. The second approximation is to use a linear interpolation of the estimated nonlinear distortions from the two closest phase conjugate pairs (two points). In common with PC-TW, the performance of a system based on PCP can be further improved with 50% electrical dispersion pre-compensation (pre-EDC), which is applied to create a dispersion-symmetry along the transmission link. This dispersion map enhances the similarity between nonlinear distortions on subcarrier data and its phase conjugate, thus further improving the effectiveness of the proposed nonlinearity compensation scheme.
III. SIMULATION
As a proof of concept, we conducted simulation of the proposed PCP scheme for a single channel 112 Gb/s PDM QPSK CO-OFDM transmission. The simulation setup is shown in the Fig. 2 . The data stream was first divided into x-and y-polarizations, each of which was then mapped onto 1400 subcarriers using QPSK modulation format and subsequently transferred to the time domain by an IFFT of size 2048 while zeros occupying the remainder. Our standard simulation was as follows, although some parameters were varied to illustrate the salient features of this nonlinearity compensation scheme. The OFDM useful duration was 50 ns (20 MHz subcarrier spacing), no cyclic prefix was added and we ignored here the effect of polarization mode dispersion. The fiber link comprised 80-km spans of standard single mode fiber with a loss parameter of 0.2 dB/km, nonlinearity coefficient of 1.22 W −1 km −1 and dispersion of 16 ps/nm/km. The span loss was compensated by Erbium-doped fiber amplifiers (EDFA) with 16 dB of gain and 6 dB noise figure. The amplified spontaneous emission (ASE) noise is added inline to ensure that the interaction between signal and noise [25] is correctly captured. The transmitter and receiver lasers had the same linewidth of 100 kHz. The simulated time window contained 100 OFDM symbols (560 000 bits). The received signal after coherent reception was first resampled and converted from serial to parallel for further processing, including chromatic dispersion compensation using a overlapped frequency domain equalizer (OFDE) employing the overlap-and-save method, channel estimation and equalization with the assistance of initial training sequence (2 training symbols every 100 symbols) using zero forcing estimation with MIMO processing [26] , and nonlinear phase noise (NLPN) estimation and compensation. In order to compensate for NLPN using PCPs, it is necessary to compensate for the common phase error (CPE) introduced by the lasers' phase noise and common phase shift due to the fiber nonlinearity first. To reduce the net overhead, this compensation is also achieved using all the PCPs as shown in [24] , using a two-stage compensation scheme. After CPE compensation, the nonlinear distortion of subcarriers data accompanied by PC pilots was compensated using Eq. (1) whilst the nonlinear distortions of other subcarriers were compensated using Eq. (3) .
In order to demonstrate effectiveness of the nonlinear noise cancellation scheme based on the coherent superposition of the PCP pairs, we first turn off the ASE noise. The simulation results are shown in the Fig. 3 for a 1200 km optical link with 5 dBm of the launch power. After coherent superposition, a dramatic reduction (∼7 dB) of the nonlinear signal distortion variance (σ 2 ) was observed, indicating that the nonlinear distortion on a data carrying subcarrier and those of its PC are highly anticorrelated, especially if the frequency spacing is small. Fig. 4 plots the reduction in the signal variance (σ 2 ), which is equivalent to the SNR improvement, when coherent superposition is applied for PCP pairs in systems with and without 50% pre-EDC (red and green respectively). The difference between the open and solid symbols illustrates the impact of ASE noise. When the launch power is small, the dominant limiting factor in the system is the ASE noise. As a result, the coherent superposition of the PCP pairs using 50% pilots offers around ∼3 dB reduction of the signal variance, as expected from the linear effects of coherent superposition of two copies of the same signal. However, with increasing launch powers a larger reduction in σ 2 eventually occurs, indicating the maximum effectiveness of the proposed nonlinear noise cancellation scheme. Note that in this regime, there is little impact from the addition of ASE noise suggesting that the system is limited by compensation accuracy rather than the fundamental parametric noise amplification process [25] . When 50% pre-EDC is performed, the reduction of σ 2 is further enhanced, reaching around 7 dB at a high level of the launch power. When considering only the nonlinear noise distortion, an even higher reduction of ∼8 dB can be observed.
As mentioned before, the proposed PCP compensation scheme relies on the correlation of nonlinear phase shifts of the data carrying subcarriers and PCPs; the effectiveness of this scheme depends strongly on the subcarrier frequency spacing. Fig. 5 shows the reduction of signal variance σ 2 as a function of the subcarrier frequency spacing (by varying the number of the subcarriers). As expected, when the subcarrier frequency spacing increases, the benefit of coherent superposition scheme tends to decrease, from around 7 dB at a frequency spacing of 20 MHz to around 4 dB at a frequency spacing of 1 GHz (for the case of 50% pre-EDC). The 3 dB nonlinear interaction bandwidth of the simulated system was around 1.1 GHz. However, we attribute the rapid dip in performance around 1 GHz (and 200 MHz without pre-dispersion) to a quasi-phase matching process [20] , [25] , [27] rather than a specific resonance with this bandwidth.
The effective SNR of 112 Gb/s OFDM systems with 50% PCPs and without any PCPs are compared in Fig. 6 . Note that, the spectral efficiency is reduced by a factor of 2 when 50% of the subcarriers are transmitted as PCPs. In Fig. 6 , by combining pre-EDC and PCP techniques, a reduction of around 4.5 dB in the signal variance can be achieved at a transmission distance of 3200 km at the cost of 50% overhead. The nonlinear threshold is also increased by 9 dB with PCP compensation. This result clearly indicates that a substantial fraction of the nonlinear distortion can be mitigated by coherently adding the phase conjugated pilot and its correlated data subcarrier. As a result of this improvement, a longer transmission distance can be achieved. In Fig. 6 the effective SNR of system with 50% PCP after 6400 km of transmission distance is also plotted for comparison purpose. As can be seen, this system still offers around 1.5 dB advantage in performance in comparison with OFDM system without PCP after 3200 km of transmission distance. This comparison indicates that the product of spectral efficiency and transmission distance can be significantly increased with PCP techniques, and is consistent with results obtained for PC-TW.
This implementation offers excellent performance but it requires 50% overhead. The required overhead can be reduced by using the estimated nonlinear distortion on one pair of subcarrier data and its PCP to compensate the nonlinear distortions on other subcarriers. Specifically, one PCP can be used to compensate the nonlinear distortion of two, three, four or more data subcarriers at the cost of 33%, 25%, 20% or smaller overhead respectively. In Fig. 7 the received constellation diagrams of systems with and without PCPs for fiber nonlinearity compensation are shown for different values of PCP overhead with the launch power deliberately set in the highly nonlinear region (+5 dBm). The trade-off between overhead due to PCPs and performance can be clearly observed. A better performance comes with the cost of larger overhead due to the transmission of additional PCPs.
The reduction in the signal variance (in decibel) at the optimum launch power (difference of the minimum achievable σ 2 in systems without and with PCPs) and the net benefit in decibel (after extracting the spectral efficiency reduction due to the PCPs) as a function of the overhead due to PCPs are shown in the Fig. 8 . With 50%, 33%, and 20% overhead the achievable reduction in σ 2 are 4.6, 3.2 and 2.1 dB respectively, or approximately 0.1 dB per 1% of overhead. We believe that the reduction in σ 2 enhancement as the overhead is reduced is initially due to lower coherent gain (a smaller number of subcarriers have the >3 dB benefit of coherent superposition), but eventually the subcarriers become spaced by more than the FWM efficiency 8 . Signal enhancement of a 3200 km PDM NGI CO-OFDM system at the optimum launch power as a function of the fraction of subcarriers allocated as phase conjugate pilots, showing measured reduction in signal variance (red symbols), net gain after subtraction of overhead (purple) and predicted signal to noise ratio gain (blue symbols).
bandwidth after which the nonlinear compensation starts to reduce. This is confirmed by a theoretical estimation (shown in blue). To obtain this estimation the normalized difference in nonlinear distortion from FWM [20] was computed for all possible subcarrier triplets who's nonlinear distortions fall on either the carrier or its conjugate. The sum of these nonlinearity compensation errors was used to estimate the level to which inter subcarrier nonlinearity is suppressed in the calculation of nonlinear noise. To give an upper bound on the compensation performance we assume that parametric noise amplification [25] is not compensated by the conjugates. The optimum signal to noise ratio was used to calculate the BER for subcarriers with and without a phase conjugate assuming that coherent superposition enabled a 3 dB enhancement in signal to noise ratio [11] . Finally the mean BER was used to calculate the required SNR to give the same performance without conjugate pilots. The curve fit between 33% and 50% conjugates assumes a linear interpolation of the nonlinear compensation error, but is dominated by the increasing effectiveness of the coherent superposition. An excellent fit is observed over a wide range of configurations with the exception of the case where 50% of the subcarriers are phase conjugate pilots. We believe that this error is due to a reduced benefit of coherent superposition when the noise fields are no longer statistically independent, due to their parametric amplification by the signal. In a practical system, a minimum overhead for CPE (4-10%) would be required, and this overhead may be used to provide a certain level of nonlinear compensation without additional overhead.
IV. EXPERIMENTAL DEMONSTRATION
The experimental set-up is shown in Fig. 9 . It comprised a laser grid of five standard DFBs on 100 GHz grid which were substituted in turn by a 100 kHz linewidth laser. The DFBs are located between 193.5 to 193.9 THz. Additional loading channels (10 GHz of bandwidth) were generated using an ASE source which were spectrally shaped using a wavelength selective switch (WSS) [28] . The 20 loading channels were spread symmetrically around the test wavelengths so that the total bandwidth of the transmitted signal was 2.5 THz. A wideband filter was used to filter out of band ASE noise at the transmitter. The transmission path was an acousto-optic modulator (AOM) based re-circulating loop consisting of 4 × 100 km spans of Sterlite OH-LITE (E) fibre, having 18.9 to 19.5 dB insertion loss. The loop switch was located in the mid-stage of the first EDFA and a gain flattening filter (GFF) was placed in the mid stage of the third EDFA. After propagation the signal was filtered using a 4.2 nm flat topped filter and coherently detected. The received electrical signals were then sampled by a real-time oscilloscope at 80 GS/s and processed offline in MATLAB.
The OFDM signal (400 symbols each of 20.48 ns length, 2% cyclic prefix) encoded with QPSK modulation format was generated offline in MATLAB using an IFFT size of 512, where 210 subcarriers were filled with data and the remainder zeros giving a line rate of 20 Gb/s (18.2 Gb/s after cyclic prefix and FEC overhead are removed). When 25%, 33.3% and 50% of OFDM subcarriers are transmitted with its PCPs the net data rates were 13.65, 12.12 and 9.1 Gb/s respectively. In this work, in order to maximize the similarity between NLPNs on data subcarrier and PCP, data subcarrier and its PCP were placed next to each other. The DSP at the receiver included chromatic dispersion compensation using an OFDE with overlap-and-save method, channel estimation and equalization with the assistance of initial training sequence (2 training symbols every 100 symbols), CPE compensation with the help of the PCPs [23] or 16 pilot subcarriers if PCPs were not transmitted, fibre nonlinearity compensation as described above, and symbol detection. The system performance was evaluated directly from the BER by processing ten recorded traces (∼10 6 bits). The measured BER is then converted to an equivalent "Gaussian noise" Q-factor in decibel using the expression [29] , [30] :
where erfc −1 is the inverse complementary error function. The effectiveness of the proposed PCP compensation scheme for fiber nonlinearity compensation in CO-OFDM is shown in Fig. 10 , for the center channel. Before coherent superposition, the measured BER was ∼ 1.2 × 10 −3 . However, after coherent superposition error free transmission was observed. This result clearly indicates that a substantial fraction of the nonlinear distortion, including both intra and inter-channel distortions, can be effectively compensated using coherent superposition of the data carrying subcarriers and the PCPs.
It can be seen in the Fig. 11(a) , that by transmitting 50% of OFDM subcarriers as PCPs a dramatic (∼4 dB) improvement in the system's Q-factor was achieved (after 3200 km of the transmission distance), which agrees well with the simulation result and is also comparable with results achieved with the conventional PC-TW technique [11] . The optimum launch power was increased by around 1 dB.
As mentioned before, the overhead can be reduced by using a smaller number of PCP. Specifically, one PCP can be used for two, three, four or more data subcarriers at the cost of 33%, 25%, 20% or smaller overhead respectively. When the PCP overhead was reduced to 25%, a performance improvement of around 1.5 dB was still achieved (see Fig. 11(a) ). This result confirms the possibility of using one PCP to compensate the nonlinear distortions of several data carrying subcarriers. Fig. 12 plots the Q-factor improvement as a function of the additional overhead due to the PCP, showing the trade-off between PCP overhead and performance gain. Since when PCPs were not transmitted, 8% of OFDM subcarriers were allocated for phase noise estimation, the additional overhead for nonlinear compensations were 12%, 17%, 25% and 42% and the performance gains were 0.9, 1.2, 1.5 and 4 dB respectively. This result clearly shows the flexibility of the proposed PCP fibre nonlinearity compensation technique, allowing the number of PCP to be chosen to meet the performance requirement.
V. CONCLUSION
We have demonstrated a novel fiber nonlinearity compensation technique for CO-OFDM systems based on the transmission of PCPs, which can be effectively applied in both single polarization and PMD systems, in both single channel and WDM systems. The effectiveness of this technique was demonstrated by numerical simulation and laboratory experiment, showing that a direct improvement of up to 4 dB can be achieved. In addition, with this scheme, one phase conjugated pilot can be used to compensate the nonlinear distortions on several subcarriers and thus, the overhead due to phase conjugated pilots can be chosen according to the requirement of a specific application, offering the highest flexibility in implementations.
